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The morphological and physiological aspects of
hyphal growth and development of a wild type strain and
several microsclerotia altered mutants of Verticillium
dahliae were different for a given paramorphogenetic
agent. Paramorphogenetic agents induce morphological
and structural changes of the fungus in the laboratory,
without any accompanied genetic alterations. Semi¬
solid and liquid Tolmsoff media were supplemented with
either chloramphenicol, sorbose, or 2-deoxy-D-glucose,
with the unsupplemented minimum medium being used as
the control. Those cultures grown on semi-solid media
were used to study the growth pattern, alteration in
hyphal morphology, hyphal fusion, pigment formation and
iii
frequency of branching. The liquid media were useful
for conidial determinations.
Chloramphenicol grown cultures produced short hyphae
that exhibited an opposite branching pattern. They are
also characterized by low percent protein coupled with
low dry weight. Sorbose induced thick cell walls and a
reticulated pattern of branching, a relatively high dry
weight, and low protein content. 2-Deoxy-D-glucose sig¬
nificantly reduced the growth rate and conidia production.
There was also a high percentage of protein accompanied
with low dry weight and short branched hyphae. The
effect on melanin production was not as significant as
it was on other morphological characteristics. These
alterations due to paramorphogenetic agents were corre¬
lated with suspected biochemical alteration and discussed
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Verticillium wilt is a disease of cotton (Khoury
et al., 1972; Jordan, 1972; Hall et al., 1972; Johnson
et al., 1979), strawberry (Jordan et al., 1978), tomato
(Ashworth et al., 1976), and other economically important
plant crops.
V. dahliae, the causative agent of verticillium
wilt is a member of the form-class Fungi Imperfecti
producing asexual spores (conidia) as its only known
means of reproduction. Germination of conidia is a
significant phase of development of fungi and the
polarized apical growth (Border and Trinci, 1970; Trinci
and Saunders, 1977). Differentiation, as associated
with hyphal development, involves conidia forming hyphae
and microsclerotia (ms) which serve as survival struc¬
tures.
The high frequency with which variation occurs in
V. dahliae in culture has been of vital concern to
plant pathologists. This heritable variability is be¬
lieved to be associated with microsclerotia (Tolmsoff,
1972). Hyphal anastomosis and heterokaryosis as events
in the parasexual cycle have been demonstrated in V.
dahliae (Puhalla and Mayfield, 1974).
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A large body of evidence indicates that the growth
and development of Verticillium wild type can be inhi¬
bited by use of chemical agents (Smith, 1973 and Ballis,
1976). Some of these agents are known to produce defec¬
tive respiratory enzyme systems in fungi (Jordan, 1972),
while some workers have investigated the use of water
potential or temperature as a means of controlling spo-
rulation and growth (loannou et al., 1977b). Others
have demonstrated the control of microsclerotial pro¬
duction by aeration which included the quantitative use
of oxygen, carbon dioxide and ethylene (Hutchinson, 1973;
loannou et al., 1976; loannou et al., 1977a). In addi¬
tion to organic soil amendment (Jordan, 1972), various
other methods of control have been investigated (Farley
et al., 1970; Jordan, 1972). The fact that chloram¬
phenicol has been demonstrated to produce changes in
some fungal organisms (Lambowitz et al., 1972) it will
be reasonable to speculate that such changes may be
applicable in V. dahliae. A previous study indicated
that chloramphenicol affects the development of the
wild type (Achudume and Mayfield, 1980) with little or
no responses in the mutants.
Other studies have shown that 2-deoxy-D-glucose (2-
DOG) had an inhibitory effect on yeast growth (Biely
et al., 1971; Megnet, 1965). 2-DOG metabolites were
found to induce lysis due to dissolution of cell wall
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glucans by glucanases involved in normal growth mechanism
(Johnson, 1968). Noel de Terra and Tatum (1961) found
that sorbose, an agent which induced colonial growth
in Neurospora crossa, also induced structural changes in
the cell wall.
Since paramorphogenetic activities involve an envi¬
ronmentally induced qualitative change in growth habit,
it is of great interest to study the effect of paramor¬
phogenetic agents on a plant pathogen. Such studies
may be relevant to plant pathology because the success
of plant pathogens is dependent upon its ability to
interact with the environment of the host plant. There¬
fore, paramorphogenetic activities may provide models
for studying altered development in plant pathogenic
fungi. Since V. dahliae has such a wide host range
and very little attention has been devoted to the
effects of paramorphogenetic agents on V. dahliae, the
objective of this research is to investigate their role
on wild types and microsclerotia mutants. This investi¬
gation should provide information about the nature of
the response of the fungus to paramorphogenetic agent.
Such information will make to possible to develop
effective means of controlling Verticillium wilt.
Definition of the Problem
The morphological and physiological responses of
the fungi are different for a given paramorphogenetic
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agent. These agents, chloramphenicol, 2-DOG and sor¬
bose induce change morphologically without any corre¬
sponding genetic alterations.
Chloramphenicol is an antibiotic that inhibits
protein synthesis, ATP utilization and enzymes that are
required for growth and metabolism. If the effect of
chloramphenicol is that of preventing polypetide for¬
mation, then the rate of growth, morphology and cell
wall synthesis must be greatly affected. It has been
found from a previous work that in nitrogen deficient
medium (Achudume and Mayfield, 1980), chloramphenicol
greatly inhibited the growth, morphology and conidial
production, in the wild type (T-9), while most mutants
were not affected. In other studies, chloramphenicol
has been found to affect mitochondria and its particles
(Clark-Walker, 1973; Vazques, 1974, and Lambowitz et
al., 1972). Since the conidia of Verticillium require
an exogenous carbon source, it will be significant to
determine the effect of chloramphenicol on the carbohy¬
drate metabolism, mitochondria and its protein contents.
With overall reduction in energy production, it may be
interesting to compare the effects of chloramphenicol on
T-9 to those of its mutants as a further step in con¬
trolling Verticillium wilt.
The use of 2-deoxy-D-glucose, a glucose analog, and
sorbose, an isomer, was intended to study the role of
5
carbohydrate in hyphal morphogenesis. Any aberration in
the cell wall and organelles may be interpreted as a




V. dahliae is a soil-borne plant pathogen. It
affects a wide range of host plants (Hall and Ly, 1972;
Jordan, 1972; Jordan and Tarr, 1978; Johnson et al.,
1979). V. dahliae forms dark brown to black microscle-
rotia, with each microsclerotium consisting of a compact
botryoidal mass of swollen cells (Puhalla, 1972; Typas
and Heale, 1976).
The morphological variations in V. dahliae can be
explained on the basis of mutations and parasexuality
(Puhalla, 1979), heterokaryosis (Puhalla and Mayfield,
1974) genetic recombination (Hastie, 1968), diploidiza-
tion and heritable gene repression-depression (Tolmsoff,
1972). Some agents have been found to induce hyaline
variants of Verticillium (Typas and Heale, 1976).
The microsclerotia of the imperfect fungus, V.
dahliae, germinate to produce conidiophores and conidia
before hyphal colony is formed (Tolmsoff, 1972 and
Puhalla, 1979). According to Tolmsoff (1972), the
proportion of conidia that originates from microscle¬
rotia increases with colony age. The percentage of
haploid variants in the conidial population of micro¬
sclerotia cultures also increases with age. He further
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states that haploid variants may arise primarily from
aged microsclerotia or dark mycelium within homokaryotic
cultures. Because the fungus has no known sexual stage,
parasexuality involving heterokaryosis is probably its
only means of genetic exchange. Isolates of V. dahliae
that can form heterokaryons could therefore be viewed
as belonging to one distinct population. Consequently,
two isolates that cannot form heterokaryons with each
other would be genetically isolated (Puhalla, 1979).
In another study concerning the germination of
conidia, it was observed that certain changes occur in
the conidial wall during the early stages of germination
(Border and Trinci, 1970). These changes involve the
appearance of new layers which could arise either from
changes in the existing wall or from de novo synthesis
of wall polymers (Van Laere et al., 1977). Although
little is known about regulation and coordination of cell
wall construction during germination and development of
conidia, it has been found that conidia contain all
the necessary enzymes for the synthesis of a chitinous
wall during development (Ryder and Peberdy, 1977).
The early stages of development may be suitable
for penetration in the plant tissue because of their
small size. Even though the pathogenicity of V. dahliae
is non-specific (Isaac, 1967), they can be placed into
two groups based on the type and severity of disease.
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Those in the first group cause severe defoliation of
cotton plants; those of the second group cause variable,
though milder symptoms, and most leaves remain turgid
until after plant death (Schnathorst et al., 1976).
Among isolates of V, dahliae, there is considerable
variation in morphology (Tolmsoff, 1972). As yet, it
is not known whether these natural variants are discrete
biotypes within the species. Large numbers of variants
of V. dahliae have been isolated from different hosts
and geographical areas (Puhalla, 1979), and were found
to accumulate several metabolites (Stipanovic and Bell,
1977) in the growth media. For example, the wild
type, designate T-9, produces black melanin. The mu¬
tants alm-1 and brm-1 were obtained from ultraviolet
irradiation. The former is albino and produces white
microsclerotia; the latter produces brown microsclerotia
(Bell et al., 1976). Mutant 115 is an isolate from
cotton which causes less severe disease and partial
defoliation in the cotton cultivar (Puhalla, 1979).
Gym (gray) isolate came from grape according to Puhalla
(1979).
Several chemicals and their effects on conidia of
fungi have been investigated by some workers (Ryder and
Peberdy, 1979; Benitez et al., 1976; McMahon, 1975;
Vazques, 1974). With the addition of cycloheximide and
5'-fluorouracil, the germinating tube or hypha was
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greatly delayed (Ryder and Peberdy, 1979). Accordingly,
these workers found that total activities were greatly
reduced in the treated spores as compared with untreated
spores. The reduced activities were noticeable in the
wall fractions. Until recently chloramphenicol was
considered to be a fairly specific inhibitor of protein
synthesis in prokaryotic organisms (bacteria, blue green
algae), with little or no effect on eukaryotic cells
(Clark-Walker, 1973). Several authors have reported
that chloramphenicol can uncouple oxidative phosphory¬
lation (Lambowitz et al., 1972) or inhibit protein
synthesis (Vazques, 1974) in eukaryotic cells. These
effects were, however, only observable at concentrations
of 1 mg/ml or more.
The inhibitory action of 2-DOG is seen as the
inability of the yeast cells to synthesize the essential
metabolite enzymes (Johnson, 1968), The unusual case
of dentations, and the lysis of yeast cells in the
mutants were a result of interference in the synthesis
of capsular polysaccharides (Biely et al., 1971). On
the other hand, sorbose, an active surface agent, may be
acting as a morphological agent rather than inhibitory,
as suggested by Ruppel, 1974. No one has reported on




Mutants and wild type strains were obtained from the
National Cotton Pathology Research Laboratory, College
Station, Texas. Cultures were grown in Tolmsoff minimal
medium containing KH2HPO4, 1.4 g; K2HPO4, 1.7 g; Na2S04,
3.2 g; MgS04 * 7H2O, 0.7 g; NaCl, 0.5 g; glucose, 20 g;
agar 20 g; biotin, 1 mg; minor element solution, 1.0 ml;
distilled water to one liter. The minor element solution
contained (ing/1); ZnS04 * 7H2O, 1.0; MnCl2 * ^H^O, 1.0;
H3BO3, 1.0; FeCl3 * 6H2O, 0.5; CUSO4 * 5H2O, 0.1; KI,
0.1; NaMo04 * 2H2O, 0.1. The medium was supplemented
with chloramphenicol, 2-deoxy-D-glucose (2-DOG), and
sorbose with initial concentration of 500 mg/1, 1 g/1
and lOg/1, respectively. Supplementation with chloram¬
phenicol was made at the following concentrations, 500
mg; 100 mg; 50 mg; 25 mg; 13 mg per liter. A modified
polygalacturonic acid medium (m-PGAM) was used as an
alternative growth medium. Modified PGAM contained
KH2PO4, 52 mg; K2HPO4, 65 mg; MgS04 * 7H2O, 20 mg;
yeast extract, 120 mg; peptone, 200 mg; glucose, and
distilled water was added to make 700 ml. The poly-
galacturonate solution was prepared as follows: 2 g of
polygalacturonic acid sodium salt (Sigma Chemical Co.)
was dissolved in 200 ml of distilled water, with stirring
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to bring the pH to 7.0, and distilled water was added
to make a liter. Both semi-solid and liquid media were
used. Each Erlenmeyer flask (250 ml capacity) contained
50 ml of medium with initial pH of 6.6 for minimal and
6.9 for m-PGAM. All cultures were incubated at room
temperature, on a lab-line environ shaker 18 at a speed
of 120 rpm.
Conidia Production
Conidia production represents a fundamental step in
the development of filamentous fungi. With adequate re¬
duction of conidia, verticillium wilt can be brought under
control. Erlenmeyer flasks containing 50 ml of Tolmsoff
minimal medium were inoculated with 10® conidia/ml. Other
flasks were supplemented with chloramphenicol, 2-DOG and
sorbose. The cultures were incubated on the rotary shaker
gyrating at 120 rpm at room temperature. After three
days, samples were examined microscopically to assess
conidial production; the number of conidia produced was
counted under the phase contrast microscope by use of
hemacytometer. Subsequent readings were taken at the
fifth, seventh and ninth days.
Dry Weight
The dry weight represents cumulative mass of the
fungi. The basis of using dry weight was to show marked
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difference in growth and consequently the effect of
chloramphenicol, 2-DOG and sorbose. The mycelial cells
were harvested on a preweighed glass fiber filter (934
Ah) after the ninth growing day, and were allowed to dry
up at room temperature for three days before final
weighing. The final weight was also used as a measure
of growth as related to protein synthesis.
Residual Glucose Determination
Since chloramphenicol affects ATP utilization, the
primary pathway may be inhibited forcing the fungi cells
to utilize the alternate or secondary pathway. The super¬
natant was assayed to determine the amount of glucose
remaining in the medium. After the ninth growing day,
1.0 ml of solution was added to 4.0 ml of enthrone
reagent (0.25 w/v enthrone in concentrated H2SO4). The
mixture was then allowed to boil for 10 min. After
cooling, it was read spectrophotometrically at 620 nm.
Cytology
Colonies of V. dahliae were grown on cellophane on
a semi-solid media. The medium was supplemented with
chloramphenicol, 2-DOG and sorbose. A small square of
cellophane carrying mycelium at the edge was cut and
inverted in a drop of distilled water or medium on a
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microscope slide. The cellophane was floated from the
mycelial mat, and a cover glass was added while excess
water was blotted away. This provided a very thin
preparation in which the morphology and the contents
of the hyphae were clearly visible. This preparation
was to study the effect of chloramphenicol on morpho¬
logical aberration, hyphal fusion, cellular inclusions
and frequency of branching.
Extraction of Crude Proteins
Lyophilized fungal tissue was homogenized in a
chilled mortar. A quantity of clean sand, equivalent to
1/lOth the tissue weight, was used to macerate the mate¬
rial. The tissue was alternately frozen and thawed.
Initially, the tissue was homogenized in 1 ml of deion¬
ized water. Two to three additional mis of deionized
water were used to transfer the homogenate to centrifuge
tubes. Excess cellular debris was removed by centri¬
fuging the material at 10,000 rpm for 20 min. The
remaining supernatant was used for protein estimation.
Protein Determination
The dry weights of mycelia grown in chloramphenicol
liquid culture was sampled for total protein since
evidence showed that chloramphenicol inhibits protein
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synthesis, particularly in mitochondria of some fungi.
Total protein determination was made on the conidial
and mycelial homogenates. The Lowry test was used to
assess the protein content of the extract. Five ml of
Five ml of alkaline copper solution previously prepared
as follows: To 100 ml of a O.lN NaOH solution containing
2.0 mg of anhydrous Na2C03 was added to 1.0 ml of 1%
(w/v) sodium potassium tartrate (NaKC^H^Og * 4H2OSO)
and then 1.0 ml of 1% (w/v) CuSO^ * 5H2O. These
mixtures were allowed to incubate for 10 min. at room
temperature before rapidly adding 0.5 ml of Folin-
Ciocalteau phenol reagent IN in acid strength. The
final mixture was then quickly swirled. After 30 min.
at room temperature, the absorbance of the blue colors
was measured with a spectronic 20 Spectrophometer set at
750 nm.
Phase Contrast Microscopy
Wet mounts of the hyphal tip region growing in the
minimal and supplemented media were placed onto a clean
side with a sterile scalpel blade. This was done in
order to study the morphology of the fungi as a result
of the paramorphogenic agents. These cultures were
sampled at the end of the ninth growing day. All wet
mount preparations were observed through a phase contrast
microscope equipped for photography.
15
Electron Microscopy
Hyphae were fixed for 10-15 min with ice cold 3%
glutaraldehyde in 0.05 M sodium phosphate buffer, pH 7.4.
After four washes over a period of 30 min in the same
buffer solution, the hyphae were placed in vials contain¬
ing 2 ml of the reaction medium. The reaction medium was
composed of 3,3' • diaminobenzidine tetrahydrochloride
(DAB), 2.5 mg/ml, in 0.05 M phosphate buffer, pH 7.0.
In order to minimize photooxidation, DAB was added to
the buffer in a darkroom illuminated with red light,
just prior to its use. The vials were completely
covered with aluminum foil and incubated at room tem¬
perature (24-28 C) for 30-60 min. For controls, the
hyphae were (1) incubated in the reaction medium minus
the DAB or (2) preincubated in 1 mM potassium cyanide
in the buffer solution for 30 min at room temperature
before being placed in the reaction medium. Both the
KCN and DAB were preincubated in 1 mM potassium cyanide
(KCN) in the buffer solution for 30 min at room tempera¬
ture before being placed in the reaction medium. Both
the KCN preincubated and the DAB-minus specimen were
incubated for 60 min in the reaction medium. All reac¬
tions were terminated by washing 4-5 times with cold
buffer solution during a 1 hr period. The hyphae were
were post fixed in cold 2% osmium tetraoxide in 0.05 M
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phosphate buffer (pH 7.0) for 2 hr. The hyphae were
dehydrated in a graded series of ethanol to absolute
acetone. The cells were infiltrated for 30 min - 24 hr
in a mixture of acetone-Spurr's medium (1:1), followed
by embedding in Spurr's low viscosity resin. The resin
was polymerized in BEEM capsules at 65 C for at least
18 hr. Thin sections were cut on a diamond or glass
knife and collected on uncoated copper grids. Sections
were counterstained with 0.5% uranyl acetate and Rey¬
nold's lead citrate and viewed with the RCA EMU4 electron
microscope operating with an accelerating voltage of
50 or 100 kv.
CHAPTER IV
RESULTS
General Features of Growth
All the strains of Verticillium dahliae maintained
on Tolmsoffs minimal medium grew profusely (Fig. 1),
while producing a lot of aerial hyphae (Fig. 2). The
periphery had uniformed margins. Microscopically, the
hyphae were long with less branchings in the wild type
(Fig. 3). During the early stages of growth. Gym and 115
mutants were observed to increase in linear growth by
2 mm more than the wild-type. By the fifth day, the
overall growth average was 21 mm. At the fifteenth
day, alm-1 had spread 52 mm in linear diameter, which was
3 mm more than the other strains. Very little difference
in linear growth was observed in the wild type and the
mutants.
The wild-type (T-9), 115 mutant and Gym produced
heavily pigmented microsclerotia. Brm-1 produced a
brown pigment which was observed on the 5th day. All
the strains have few vacuoles and no visible morpholo¬
gical difference. The hyphae were long with interseptal
spaces along the hyphae (Fig. 4). The 115 mutant was
characterized by heavy microsclerotial and pigment pro¬
duction. A portion of the colony was observed to show
a marked difference in circular growth (Fig. 5) with
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Fig. 1. Linear growth of Verticilliuin
dahliae wild-type (T-9) and
microsclerotia mutants grown









Fig. 2. The wild-type (T-9) grown in









Fig. 3. Microscopic view of wild-type
(T-9) hyphae in minimal and
supplemented media. 600x




Note the interspatial space
between the hyphae.
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Fig. 4. Hyphae structure of the mutants




D = 115 mutant
Note the unaltered similarity
of growth to the wild type.
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D = 115 mutant
Note the region of heavily
pigmented microsclerotia in





The wild-type grown on semi-solid media supple¬
mented with chloramphenicol exhibited a 12 hr. lag
phase and was followed by a period of increased growth
(Fig. 6). Microsclerotial production in Gym-1 and 115
mutant were lighter in coloration compared to those
grown on minimal medium (Figs. 2, 7). Pigment formation
for T-9 in chloramphenicol medium was visibly darker
than that in minimal medium. All the strains exhibited
a similar but reduced linear growth up to the 9th day
after which alm-1 ceased growing (Figs. 6, 7). A
differential growth of the strains was also observed
after the 9th day. It was noted that alm-1 and 115
mutants were more restricted than the other strains.
The differential responses may have been due to the
residual matter being used up and the effect of chloram¬
phenicol became apparent.
Light microscopic examination revealed the presence
of large vacuoles, slender hyphae, and numerous short
branches (Fig. 8). The use of chloramphenicol did
not appear to prevent the formation of microsclerotial
which was observed very early (3rd day) during the
growth period. The 115 mutant produced small non-pig-
mented variance in its colony. This type of variance
Fig. 6 Linear growth of V. dahliae and
mutants in chloramphenicol.
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D = 115 mutant
Note the restricted growth of the
mutants and non-pigmented portion
in 115 colony.
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D = 115 mutant
Note the increasing branching of hyphae.
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D = 115 mutant
Note the circular pattern of
growth and pigment formation




occurs less frequently in minimal culture.
Effect of Sorbose
V. dahliae grown on sorbose media was character¬
ized by increased branching in the direction of the tips,
seldomly seen when grown in non-supplemented medium.
The thickening of the hyphal wall and swollen tips were
observed in T-9, Alm-1 and Gym-1 (Figs. 9, 10). All
the strains exhibited restricted growth in the presence
of sorbose (Figs. 9, 11).
The wild-type (T-9) colony formed numerous micro-
sclerotia while showing a dense growth pattern. Melanin
production was similar to those of the unsupplemented
(Figs. 5, 9). Light microscopic observations showed
dense areas along the hyphae with cellular inclusions.
The hyphae were short and highly branched (Fig. 10).
The pattern of growth for all the strains was comparable
to those grown in chloramphenicol (Figs. 8, 10). All
the strains showed a reticulated pattern of branching
(Fig. 10 ) .
Effect of 2-Deoxy-D-Glucose
All the strains of V. dahliae grown on 2-DOG
supplemented media grew with a high degree of disparity
in that there was a wide range of linear growth rates
(Fig. 12). Generally, growth was severely inhibited.





D = 115 mutant
Note the increased short branchings
in the direction of the tip.
29
Fig. 11. Linear growth of Verticillium











Fig. 12. Linear growth of V. dahliae






Every strain exhibited a restricted pattern of growth
in that the mycelia were reduced, and there were increases
in frequency of short branchings in Gym and 115 mutants
than T-9 (Fig. 13, C, D) .
Light microscopic observations showed some vacuoles
and reduced hyphae with short single branches (Fig. 14).
Microsclerotial and aerial growth were greatly reduced.
Pigment formation appeared to be reduced and some areas
showed visible pigment in T-9 colony (Fig. 13). Figure
15 shows a wide differential growth pattern among the
strains, particularly Gym and 115 mutants.
Conidia Production
V. dahliae grown on liquid Tolmsoff minimal medium
was characterized by production of a large number of
conidia. At the early stages of growth there was a
difference in the production of conidia in T-9 and Alm-
1 (Table 1? Figs. 16, 17). No appreciable difference,
however, was observed in chloramphenicol media between
T-9 and Alm-1. Alm-1 and Brm-1 showed no difference in
conidia production (Table 1; Figs. 18, 19). No further
increase in conidia was observed after the 5th day of
incubation. This is probably due to rapid differentiation
of conidia to hyphae and microsclerotia (Fig. 17). In
sorbose medium, conidia production was highest on the





D = 115 mutant
Note the restricted growth and
lack of melanin.
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D = 115 mutant
Note the thin growth of the hyphae.
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Fig. 15. Comparative growth of T-9 in










T-9 Alm-1 Brm-1 Gym Mutant
Minimal 3 2.9 X 108 2.7 X 108 2.2 X 108 3.5 X 107 1.5 X 107
5 9.4 X 108 7.0 X 108 8.3 X 108 1.9 X 108 3.5 X 107
7 7.5 X 108 1.1 X 109 8.0 X 108 1.5 X 108 1.0 X 107
9 6.0 X 108 3.7 X 108 4.6 X 108 1.1 X 108 3.3 X 106
Chloram¬
phenicol
3 1.4 X 108 6.0 X 107 6.3 X 107 1.5 X 107 1.3 X 107
5 5.3 X 108 4.4 X 108 7.0 X 108 4.0 X 107 2.0 X 107
7 3.8 X 108 6.1 X 108 4.8 X 108 7.5 X 107 3.5 X 107
9 2.6 X 108 4.3 X 108 4.0 X 108 1.8 X 107 2.5 X 107
Sorbose 3 8.3 X 107 6.5 X 107 2.8 X 107 1.0 X 107 2.0 X 106
5 5.2 X 108 8.1 X 108 6.4 X 108 1.0 X 108 1.5 X 107
7 8.0 X 108 8.5 X 108 5.5 X 108 3.5 X 107 1.5 X 107
9 3.8 X 108 5.8 X 108 2.7 X 108 1.5 X 107 1.0 X 107
2-DOG 3 3.5 X 107 3.5 X 107 7.0 X 107 2.5 X 106 3.5 X 105
5 4.6 X 108 4.7 X 108 1.9 X 108 3.0 X 107 1.0 X 107
7 2.1 X 108 3.4 X 108 2.7 X 108 1.0 X 107 2.5 X 108
9 2.0 X 108 1.9 X 108 2.4 X 108 8.0 X 107 7.0 X 105
Fig. 16. Conidia production of
Verticillium dahliae and




Fig. 17. Conidia production of
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Fig. 18. Conidia production of














Fig. 19. Conidia production of






7th day and declined on the 9th day (Table 1; Figs. 18,
19). This decrease was noticeable in all the media.
Diploid conidia accounted for about 2% of the total
conidia produced (Table 2). Large proportions of diploid
conidia were observed at the 3rd and 5th days of growth.
Data in Table 2 indicate that 2-deoxy-Dglucose inhibited
diploid conidia growth, and consequently reduced total
growth average of the dry weight (Fig. 20).
Dry Weight and Protein Content
During the different intervals of growth, there
were slight increases in the wet weight of cultures in
minimal medium. At the end of the initial growing
period, there were some significant changes in dry
weights of strains grown in minimal and chloramphenicol
media (Table 3). The decrease in dry weight of the
chloramphenicol grown strains and 2-DOG grown strains
was noticed, in view of the minimal grown strains.
Protein contents in all the strains in minimal medium
were relatively the same. A decrease in protein contents
of the strains grown in chloramphenicol was observed.
The low dry weights corresponded to low protein contents.
In sorbose medium the increases in dry weight of the
strains corresponded to increases in protein contents.
The protein contents of the strains grown in 2-DOG
media were similar to those of the minimal (Table 3).
The dry weight of T-9 contained 1.4% protein. However,
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Minimi 3 5.0 X 103 4.0 X 103 8.0 X 103 2.0 X 10 3 2.0 X 103
5 4.0 X 103 1.0 X 103 4.0 X 103 1.0 X 103
7 2.0 X io3 1.0 X 103 2.0 X 103 1.0 X 10 3 1.0 X 103
9 2.0 X 103 — 2.0 X 103 1.0 X 10 3 2.0 X 103
Chloram- 3 2.0 X 103 4.0 X 103 2.0 X 103
phenicol 5 1.0 X 103 4.0 X 103 3.0 X 103 2.0 X 10 3 2.0 X 103
7 * 3.0 X 103 3.0 X 103 1.0 X 103
9 — 1.0 X 103 — — 1.0 X 10 3
Sorbose 3 4.0 X 103 4.0 X 10 3 2.0 X 103 1.0 X 10 3 1.0 X 103
5 3.0 X 103 4.0 X 103 3.0 X 103 — 1.0 X 103
7 4.0 X 103 1.0 X 103 —
9 — — 1.0 X 103 — —
2-DOG 3 1.0 X 103 3.0 X 103 1.0 X 103 2.0 X 103
5 1.0 X 103 2.0 X 103 1.0 103 2.0 X 103
7 - 1.0 X 103 - 1.0 - 103 -
9




Incubation period (days )
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TABLE 3. Protein content and dry weight of nycelia







Minimal Wild type (T-9) 370 5.05 1.4
Albino mutant 355 5.80 1.6
Brown mutant 377 5.18 1.4
Gray mutant 393 5.82 1.5
115 mutant 311 6.63 2.1
Chloram¬ Wild type (T-9) 308 1.80 0.6
phenicol Albino mutant 365 3.56 1.0
Brown mutant 350 4.01 1.2
Gray mutant 390 1.04 0.3
115 mutant 321 5.14 1.6
Sorbose Wild type (T-9) 543 9.74 1.8
Albino mutant 622 8.44 1.4
Brown mutant 625 9.54 1.5
Gray mutant 370 6.77 1.8
115 mutant 338 4.35 1.3
2-DOG Wild type (T-9) 140 5.34 3.8
Albino mutant 238 5.27 2.2
Brown mutant 221 7.53 3.4
Gray mutant 138 5.08 3.7
115 mutant 106 4.82 4.6
a
b
Average of six flasks
Average of five experiments
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the high dry weights in sorbose corresponded to low
protein contents. In 2-DOG medium all the strains
showed a decrease in dry weights compared to the other
media, while the percent protein contents were highest.
There were increases in the protein content in the
wild type in different supplemented media, except chlo¬
ramphenicol. Significant increases were observed in
2-DOG (percent wise) medium (Table 3). Similar increases
in protein contents in Gym were observed in sorbose and
2-DOG media. Percent protein content in wild type was
found to be very high in 2-DOG, which remained essen¬
tially the same in sorbose and minimal media. With the
mutants, the protein content in Brm (sorbose media) was
highest; it accounted for only 1.5% of the total dry
weight. Conversely, the highest protein content for
Brm in 2-DOG represented a 3.4% of the dry weight.
Again, the high increases in dry weights in sorbose
media did not show similar increases in percent protein
composition of the total mycelia (Table 3).
Residual Glucose Determination
Experiments were carried out to assess the effect
of chloramphenicol on glucose disappearance from the
medium as a contributory factor in reducing growth in
V. dahliae. In the minimal grown culture, a high resi¬
dual glucose level was detected at the 9th day of growth
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The residual glucose was low in chloramphenicol medium,
though residual glucose in alm-1 culture was similar
to that observed in the minimal medium (Table 4).
There was no observable residual glucose in Gym and 115
mutants grown in chloramphenicol medium. It was observed
that there were no increases in pH of the media in
which Gym and 115 mutants were grown. The albino in non-
supplemented medium had the highest pH reading (Table 4).
Residual glucose level in sorbose and 2-DOG were not
determined because of the interference and similarity of
their molecules to glucose (Wilkin and Cirillo, 1965). It
was suggested that sorbose is non-metabolizable, and the
2-DOG metabolites inhibit glucose uptake (Megnet, 1965;
Biely et al., 1971). Both saccharides interfered with
influx of glucose across the membrane, and any attempt
to measure either will result in erroneous conclusions
(Scarborough, 1970).
Transmission Electron Microscopy
The ultrastructure of the apical region of T-9 in
minimal medium (Fig. 21) revealed hyphae that contained
mitochondria with well organized cristae. The cytoplasm
of these cells contained rough endoplasmic reticulum
and other electron dense granules. There were few
vacuoles, which occupied only a small region of the
cell. In observing aim (Fig. 22) in minimal medium the
mitochondria appeared relatively well organized and
47




Minimal T-9 18.2 7.3
Albino mutant 19.4 8.0
Brown mutant 18.4 7.9
Gray mutant 10.9 7.8
115 mutant 16.6 7.1
Chloram¬ T-9 7.0 7.0
phenicol Albino mutant 15.0 7.3
Brown mutant 4.0 7.6
Gray mutant - 6.8
115 mutant - 6.6
Fig. 21. T-9 hyphae in minimal medium
showing small vacuoles (v),
electron dense granules (EDG),
and mitochondria (m) with well
defined cristae. 30,000x
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Fig. 22. Albino in minimal medium
exhibiting a nucleus (N)
with large vacuoles (v)
on either side.





abundant. There were also endoplasmic reticulum ele¬
ments and rather large vacuoles that contained electron
dense materials.
T-9 in chloramphenicol (Fig. 23) was observed to
show randomly arranged glycogen particles and multivesi-
cular bodies. The septum appears altered in that the
inner wall layer was much thicker than that observed
in T-9 grown in minimal medium. Large accumulations
of lipid materials were observed (Fig. 24) along with
no visible mitochondria. The cell wall appeared thinner
than that of T-9 grown in minimal medium. Albino
grown in chloramphenicol showed several vacuoles, thin
cell wall and altered septum in the inner layer. The
mitochondria appeared altered with the absence of cris-
tae (Fig. 25).
Hyphae of T-9 was treated with 3',3'-diaminobenzi-
dine (DAB) in order to determine the localization of
cytochrome oxidase activities (Fig. 26). DAB reaction
product was observed in mitochondria that exhibited
conformations of intact cristae (Fig. 26). Those intact
cristae were longitudinally parallel in the mitochondria
and intensely stained with DAB reaction product. Hyphae
maintained in chloramphenicol prior to DAB incubation
showed no intact mitochondria with DAB staining (Fig.
27). Instead there were heavily stained membrane ele¬
ments within vacuoles cellular regions. Albino treated
Fig. 23. T-9 in chloramphenicol
supplemented medium.
Note absence of mitochon¬




Fig. 24. T-9 grown in chloramphenicol.
Note the lipid materials and
the unstained septum. 28,000x
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Fig. 25. Albino in chloramphenicol
medium showing vacuoles (v)
and relatively thick septum
with poor staining region.
Note the lack of well defined
membranous structure in mito¬
chondria (m). 30,000x
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Fig. 26. T-9 grown in minimal medium
incubated in DAB.
Note the location of DAB
reaction product along
mitochondrial membranes
with intact cristae 50,000x
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Fig. 27. T-9 grown in chloramphenicol
and incubated in DAB.
Note the intense staining
of membrane elements. 40,000x
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with DAB (Fig. 28) showed similar staining patterns to
that of T-9 (Fig. 26). Those cells that were treated
with potassium cyanide (KCN) prior to incubating in DAB
appeared to be similar to T-9 without the DAB treatment
in that there is no DAB staining of altered mitochondria
or other membrane elements (Fig. 29). There were also
vacuoles and multivesicular bodies.
The wild type grown in sorbose medium (Fig. 30)
showed an alteration in cell wall thickness and texture
that maybe due to the altered metabolism of sorbose.
The cross-section was observed to consist of many elec¬
tron dense particles contained in cytoplasmic regions
of the cell wall. There appeared to be discontinuities
in the membranes of both the cell and vacuole.
Fig. 28. Albino in chloramphenicol with
DAB.
Note stained membrane elements.
40,000x
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Fig. 29. Electron micrograph of T-9
grown in chloramphenicol
and incubated in potassium
cyanide prior to DAB. 30,000x
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Fig. 30. Cross-section of T-9 that
was grown in sorbose.
Note the cell wall structure,
distribution of electron





The growth of V. dahliae in non-supplemented medium,
the production of conidia, the dry weights, and the
protein contents were similar to other fungi grown under
experimental conditions (Megnet, 1965; Shockman, 1965;
Smith, 1973; Ruppel, 1974; Schnathorst and Fogle, 1976;
Ryder and Peberdy, 1979).
Based on the low quantity of conidia produced by Gym
and 115 mutants in all the media, the absence of any
detectable residual glucose in chloramphenicol media,
and the low pH of the chloramphenicol medium suggested
high metabolic activities in the mutants. The limited
growth in chloramphenicol grown cultures probably sug¬
gests that V. dahliae is not completely inhibited due
to the residual nutrients. It is possible that all of
the investigated strains except aim may be utilizing al¬
ternative metabolic pathways responsible for the reduced
utilization of glucose in the presence of chlorampheni¬
col. These qualitative differences in metabolism may
have accounted for the short hyphae and reduced linear
growth. The disappearance of glucose from the medium as
observed in gym and 115 mutant would thus appear to




Megnet (1965) suggested that an inhibitor may be
acting on the cell wall, such that it becomes a rate
limiting step for glucose transport. Apparently, the
low amount of residual glucose in chloramphenicol medium
after the growing period in T-9 and Brm, and the gradual
decrease in conidia production suggest that chlorampheni¬
col may be affecting the morphological development of
the hyphae. It is also possible that chloramphenicol
may be blocking the activities of a carrier facilitated
protein that may be responsible for transport of glucose
across the cell wall (Scarborough, 1970). Furthermore,
the similarity of growth between the strains in chloram¬
phenicol medium up to the 9th day may be due to residual
nutrients being used for early growth. The consequent
differential growth observed after the 9th day may be
due to the effect of chloramphenicol.
The nonpigmented variance observed in 115 mutant may
have increased in frequency of occurrence due to the
effect of chloramphenicol. The numerous branchings and
the thin portion of the fungi wall may have resulted from
inhibition of mitochondrial protein synthesis. This may
have led to a reduction in cytochrome enzymes which may
have resulted in low respiratory rate. This consequently
led to low production of cell wall vesicles. This inhi¬
bitor may also prevent development of chitin synthetase
(Van Laere, 1978) during germination and may have resulted
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in the reduced wall thickness and apparent increase in
hyphae branches. However, it has been suggested that
there was little indication that chloramphenicol affects
protein synthesis in eukaryotic organisms, while inhibi¬
ting more effectively in prokaryotic cells (Vazquez,
1974; Saccone and Quagliariello, 1977). Lambowitz et
al. (1972) indicated that energy coupling processes in
active transport may be affected by use of chloramphenicol.
The low residual glucose observed in chloramphenicol
supplemented medium suggested that such processes may
have been inhibited.
Megnet (1965) indicated that mutants may have some
abnormality in carbohydrates metabolism in the presence of
an inhibitor. The present investigation provided no evi¬
dence that mutants of V. dahliae possess altered membrane
systems relating to glucose transport across the membrane
in the presence of chloramphenicol. Based on the growth
and conidia productions, it may be suggested that chloram¬
phenicol does not only interfere with the energy metabolism
but affected other functions of the cells under experi¬
mental conditions employed. Glucose transport across the
cell membrane could also be a factor as described by
Wilkins and Cirillo (1965).
The short mycelia and highly branched hyphal tips of
the fungi grown in sorbose supplemented media was in agree¬
ment with De Terra and Tatum (1963). It was established
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that sorbose brought about certain changes in Neurospora
cell wall. The heavy growth pattern and melanin reduc¬
tion indicated that sorbose may be acting as an active
surface agent that interfered with the normal growth pat¬
tern. Wilkins and Cirillo (1965) confirmed that sorbose
and glucose competed for the same transport system.
Since glucose can be metabolized and sorbose is non-meta-
bolizable, it follows that sorbose may be accumulating
as extracellular materials without increase in protein
content.
Direct or indirect analytical measurement of glu¬
cose disappearance in a mixture of monosaccaride may
yield erroneous results because intracellular glucose at
a steady state is saturated by hexokinase and the net
result will always approach zero (Wilkins and Cirillo,
1965). More importantly, Wilkins and Cirillo (1965)
indicated that the inhibition of sorbose by glucose in
a counterflow measurement was less at the inner surface
of the membrane than at the outer surface, resulting in
a net efflux of sorbose.
The observation that 2-DOG inhibited linear growth,
conidia production in V. dahliae suggest that this
compound may be blocking the glucose phosphate isomerase
by forming 2-deoxy-glucose-6-phosphate by the hexokinase
reaction as suggested by Wick et al. (1957) and Megnet
(1965). This proposal was suppa *( t y the evidence
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of Biely et al. (1970) which found that 2-DOG entered
yeast uridine and guanosine nucleotides, forming deoxy
analogues of uridine diphosphate glucose and guanosine
diphosphate mannose and competitively inhibited the
synthesis of cell wall components of yeast. These
results indicated high protein contents and a restricted
growth of V. dahliae in 2-DOG media therefore agreed
with Biely et al. (1970). Kipnis and Cori (1959)
found that 2-deoxy-6-phosphoglucose inhibited the trans¬
port of glucose and deoxyglucose in rat diaphragm. The
inhibition was noncompetitive and functioned at the
inner membrane only. It was concluded that the inhibi¬
tory effect of 2-DOG was seen as a barrier to transport.
Based on the experimental results, the short growth, low
conidia production, and low dry weight coupled with the
protein contents suggested that the effect of 2-DOG is
best explained on the basis of being a metabolic inhibi¬
tor due to interference in the synthesis of cell wall
polysaccharides.
Electron micrograph of the wild type in different
supplemented media supported all the evidence (thick
fungi cell wall, nonvisible mitochondria in chloram¬
phenicol media, and presence of lipid bodies) described
above and provided further information about some of the
components of the cytoplasm. The electron micrographs
showed a densed spotted region in chloramphenicol grown
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culture compared to the cultures grown on minimal medium.
The reduced cellular inclusion and thin layer of fungi
wall provided further evidence of inhibition of protein
synthesis in the mitochondria and the induced altering
of cell wall construction. Heavy staining of the
cristae in minimal grown cells by DAB suggested that
cytochrome is located along intracristae spaces which
are formed by invaginations of the inner mitochondrial
membrane. The DAB staining of non mitochondrial mem¬
branes in chloramphenicol-grown cells suggests that
cytochrome oxidase activity is not localized in intact
mitochondria. This seems to suggest that the activity
is associate with highly altered mitochondria or membrane
fragments.
These results indicated that the use of paramorpho-
genetic agents induced morphological aberrations in the
wild-type and microsclerotia mutants. These induced
changes provide information about a model system which




The treatment of paramorphogenetic agents on Ver-
ticillium is one of numerous methods that can be ap¬
plied in regulating the growth and development of Verti-
cillium wilt. Addition of chloramphenicol brings about
the thickening of the fungal wall and increases the
frequency of branching. The results suggest that chlo¬
ramphenicol interferes with the energy metabolism as well
as causing other metabolic alterations.
The use of sorbose, on the other hand, brings about
a morphological aberration and altered accumulation of
extracellular materials in the fungal wall. Since
the incidence of disease in plants may be correlated
with increase of carbohydrates in root, it is suggested
that the condition that enhances growth of V. dahliae
may also affect the carbohydrate (glucose) metabolism
and oxidative phosphorylation.
However, the use of 2-DOG brings about restricted
growth and high protein content per unit weight. 2-DOG
functions non-competitively and inhibits the fungal
cell wall components. By using 3',3'diaminobenzidine,
cytochrome oxidase activity was demonstrated only in
mitochondrial regions with intact cristae when cells
were maintained in minimal medium. The DAB staining
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was associated with other membrane elements in chloram¬
phenicol-grown cells.
All the above evidence suggest that under labora¬
tory conditions, V. dahliae may grow several times (as
long as fifteen days) in the vicinity of organic matter
and in the presence of an inhibitor, can mutate, and
still have the capacity for growth and infection when
contacted by host roots.
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